Simian Virus 40 (SV40) exists as chromatin throughout its life cycle, and 41 undergoes typical epigenetic regulation mediated by changes in nucleosome 42 location and associated histone modifications. In order to investigate the role of 43 epigenetic regulation during the encapsidation of late stage minichromosomes 44 into virions, we have mapped the location of nucleosomes containing acetylated 45 or methylated lysines in the histone tails of H3 and H4 present in the chromatin 46 from 48-hour post-infection minichromosomes and disrupted virions. In 47 minichromosomes obtained late in infection, nucleosomes were found carrying 48 various histone modifications primarily in the regulatory region with a major 49 nucleosome located within the enhancer and other nucleosomes at the early and 50 late transcriptional start sites. The nucleosome found in the enhancer would be 51 expected to repress early transcription by blocking access to part of the SP1 52 binding sites and the left side of the enhancer in late stage minichromosomes 53 while also allowing late transcription. In chromatin from virions, the principal 54 nucleosome located in the enhancer was shifted ~ 70 bases in the late direction 55 from what was found in minichromosomes and the level of modified histones was 56 increased throughout the genome. The shifting of the enhancer-associated 57 nucleosome to the late side would effectively serve as a switch to relieve the 58 repression of early transcription found in late minichromosomes while likely also 59 repressing late transcription by blocking access to necessary regulatory 60 3 sequences. This epigenetic switch appeared to occur during the final stage of 61 virion formation. 62 63 Introduction 64 Simian Virus 40 (SV40), a member of the Polyomavirus family of DNA 65 viruses, consists of a 5243 base-pair (bp) double-strand closed-circular genome 66
Preparation of sequencing libraries from ChIP samples of SV40 chromatin 153
The samples obtained from ChIP analyses were first purified using Zymo 154
Research ChIP DNA Clean and Concentrator columns according to the supplied 155 protocol and eluted in 26 μl H 2 O. In order to determine the percentage of SV40 156 chromatin immunoprecipitated, 1 µlwas PCR amplified along with the starting 157 chromatin used in the ChIP. The remaining sample was dried prior to 158 reconstitution with 25 µlof water during the preparation of the libraries. Libraries 159 were prepared using the New England Biolabs Next UltraII kit according to the 160 protocol supplied with the kit with one exception. All reagent volumes were 161 reduced by half for the preparation of libraries with no apparent effect on library 162 quality or quantity. Libraries were purified on Zymo Research ChIP DNA Clean 163 and Concentrator columns according to the supplied protocol and eluted in 10 μl 164 H 2 O. The libraries were then purified by submerged agarose gel electrophoresis 165 using BioRad certified low-melting molecular biology grade agarose and a band 166 corresponding in size to 200-300 base pairs of library DNA was cut out from the 167 agarose gel, purified on Zymo Research Gel DNA Recovery columns using the 168 protocol and reagents in the kit and eluted from the columns in 21 μl water. 169
Next Generation Sequencing (NGS) 170
Prior to sequencing all of the libraries were analyzed for quality and 171 quantity using an Agilent Bioanalyzer. Libraries which did not meet either the 172 quality or quantity requirements were discarded. The libraries were sequenced 173 on an Illumina MiSeq using protocols and reagents from Illumina in the combination of SV40 chromatin and antibody targeting a histone modification, a 176 minimum of four libraries were prepared from ChIPs of distinct biological samples 177 for sequencing. The actual number of libraries sequenced for each analysis is 178 indicated in the figure legends. Preliminary quality control analysis of FastQ files 179 was performed using FastQC v.0.11.2 (6). The three prime adapters were 180 trimmed from the reads using scythe v0.981 (7) . Quality trimming was carried out 181 using sickle v1.33 (8) with a phred score of 30 as the quality threshold; reads 182 with a length less than 45 bp were discarded. To remove contaminating cellular 183 reads, reads aligning to African green monkey (Chlorocebus sabeus1.1) or 184 human (hg19) genomes were removed. The remaining unmapped reads were 185 then aligned to the SV40 genome (RefSeq Acc: NC_001669.1), cut at nucleotide 186 (nt) 2666, using Bowtie2 v2.2.4 (9) for wild-type SV40 or in the case of cs1085 187 the wild-type sequence with the deletion. Duplicate fragments were removed 188 using the Picard Tools (Broad) Mark Duplicates function. Bam files were filtered 189 to contain only fragments between 100-150bp using an awk script. Replicate 190 bam files were merged together using samtools v1.3.1 (10). Bedgraphs 191 normalized to 1x Coverage were generated from filtered, deduplicated reads 192 using Deeptools v2.5.4 (11). Heatmaps were made using the the Z-scores of the 193 normalized coverage, and displayed using IGV v2.3.52 (12 Regulation by a combination of nucleosome location and its associated 206 histone modification(s) would be expected to depend upon both the percentage 207 of the regulated chromatin carrying the modification(s) and the location of the 208 histone modification(s) in the chromatin. For example, activation of transcription 209 might be expected to occur on only a subset of the total chromatin present which 210 has been previously committed to transcription with the percentage of chromatin 211 carrying the modification reflecting that subset of chromatin. The specific location 212 of the modification would also be critical since nucleosomes are thought to 213 regulate biological activity either by acting as a barrier to the binding of other 214 factors in the chromatin or by acting as a scaffold to bring other factors to the 215 chromatin. 216
In previous publications, we have identified histone modifications which 217 were present in relatively large percentages of SV40 minichromosomes (Table 1)  218 (4, 13). As shown in the table, the percentage of SV40 chromatin carrying a 219 particular histone modification varied from approximately 20% to less than 0.01% 220 with many of the modifications present in the range of 1% to 10%. For 221 comparison we also include in this table the percentage of minichromosomes  222 present at 48 hours PI which were bound by RNAPII which was 1%. Assuming 223 that the 1% of minichromosomes bound by RNAPII is an approximation of the 224 fraction of minichromosomes either actively transcribing or activated for 225 transcription, we would expect that a histone modification present in these same 226 minichromosomes would be expected to be present at approximately the same 227 percentage. From the table it is clear that a number of the histone modifications 228 are present in a range suggesting that they might be playing a regulatory role in 229 the minichromosomes associated with RNAPII. The two histone modifications 230 present in the largest percentages, H3K9me1 (22%) and H3K9me3 (12%), are 231 generally thought to be repressive modifications and would appear to be present 232 in a relatively large fraction of the minichromosomes. Consistent with this, we 233 have previously shown that H3K9me1 repressed early transcription at late times 234 in infection (14). Since most of the histone modifications were present at levels 235 suggesting that they may be involved in either positive or negative regulation, we 236 wanted to know whether the modifications present in SV40 minichromosomes 237 late in infection were enriched at specific sites in the SV40 genome that would 238 likely impact the regulation of transcription at this time or be related to the 239 encapsidation process. 240
The position of nucleosomes in SV40 minichromosomes isolated at 48 hours 241 post-infection which contained histones modified on their N-terminal tail and for 242 comparison purposes the position of RNAPII were determined using ChIP-Seq. 243 SV40 minichromosomes were prepared and purified as previously described (5). 244
The minichromosomes were subjected to ChIP analyses using ChIP-grade 245 antibodies that recognized N-terminal tail histone modifications and antibody to 246 RNAPII and fragmentation of the bound chromatin by sonication (15, 16). DNA 247 was isolated from the samples, libraries were prepared, and the libraries 248 sequenced on an Illumina MiSeq. 249
Sequencing reads were trimmed to remove indexing sequences, any 250 duplicates were removed, and the reads between 100 and 150 base-pairs in size 251 mapped to the SV40 genome. Duplicate reads were removed to minimize the 252 effects of selective PCR amplification during the preparation of each library. 253 SV40 reads between 100 base-pairs and 150 base-pairs in size were used in 254 order to focus on only nucleosome-sized DNA fragments and also to minimize 255 the variation in the size of the gel purified sequencing libraries which we found 256 could vary depending upon the purification conditions. We have previously taken 257 this approach to determine the location of nucleosomes in SV40 chromatin by 258 micrococcal nuclease digestion (5). To generate heatmaps, the individual 259 biological replicates were pooled, normalized to 1X coverage of the SV40 260 genome, scaled, and displayed. 261
The number of biological replicates (at least 4) are shown in the figure  262 legends. In the heatmaps the intensity of the color is directly proportional to the 263 number of reads located at a particular site in the genome. If nucleosomes 264 containing a particular histone modification are specifically located within the 265 SV40 genome we would expect to observe bright bands at only a limited number 266 of sites and much weaker or no bands in other areas of the genome. In contrast, 267 if a histone modification was nonspecifically associated with the minichromosome 268 we would expect to observe bands of similar intensity throughout the genome. 269
The results obtained from SV40 minichromosomes isolated at 48 hours 270 are shown in the combined heatmaps in Figure 1 Within the early and late regulatory region we find the most intense bands 278 for RNAPII to be located within the two copies of the enhancer starting around nt 279 180 and extending in the late direction to around nt 325 a major late start site. 280
We also observed a less intense band located at the early transcription start site 281 (around nt 5230). The relative intensity of the bands and the absence of bands in 282 the coding regions suggests that the RNAPII is poised for late and early 283 transcription respectively. This would not be surprising since the antibody used to 284 prepare the ChIPs recognizes a peptide containing phosphorylated serine 5 in 285 the CTD of RNAPII which is associated with paused RNAPII. 286 In addition to the differences in intensity of the bands for the histone 300 modifications noted above, there also appears to be subtle differences in terms 301 of the specific location of the intense bands. For example, for HH3 and HH4 302 there appears to be two adjacent sites within the enhancer region of very intense 303 bands. In RNAPII and the other histone modifications it appears that the band on 304 the right is much brighter than the band on the left although the significance of 305 this observation if any is not clear. 306
Organization of histone modifications in disrupted chromatin from 776 virions 307
In prior studies we have shown that SV40 virions carry biologically-308 relevant histone modifications (4) and that the location of many nucleosomes in 309 virion chromatin are significantly different than what was observed in 48 hour 310 minichromosomes (5). Together these observations led us to hypothesize that 311 the process of encapsidation to form virions from minichromosomes late in 312 infection might either preferentially utilize certain combinations of nucleosome location and histone modifications in the chromatin as substrates or alternatively 314 function as a chromatin remodeler to prepare the virion chromatin for a 315 subsequent infection. In order to determine the nature of the histone 316 modifications which are retained from minichromosome to virion chromatin and 317 the changes in chromatin structure associated with encapsidation, we have 318 characterized the location of the major histone tail modifications found in 319 chromatin from disrupted SV40 virions. 320 SV40 chromatin was prepared by disruption of virions as previously 321 described (5), and analyzed by ChIP-Seq using antibodies to HH3, HH4, 322
H3K9me1, H3K9me2, H3K9me3, and H4K20me1. These histone modifications 323
were analyzed because we have previously shown them to be present in a 324 significant percentage of the virion chromatin (4). The results of this analysis 325 displayed as a set of heatmaps are shown in Figure 2 . Perhaps not surprisingly, 326
we observed that the most intense band present in virion chromatin for all of the 327 modified histones analyzed except for H4K20me1 appeared to correspond to the 328 most intense band seen in the 48-hour minichromosomes located in the 329 enhancer and late transcriptional start sites between nt 180-325. Similarly, a 330 relatively intense band was located at the early start site for all modifications 331 except HH4 and H3K9me1. In addition, relatively intense bands were also noted 332 for some of the histone modifications around nt 650 which corresponds to the 333 start of the 18.5 S RNA and nt 4885 which corresponds to the 5' end of the early 334 start site. Finally, there appeared to be a number of other relatively intense bands 335 located at various sites in the SV40 genome for many of the histone modifications which had not been previously seen in the 48-hour 337 minichromosomes. 338
Direct comparison of selected histone modifications in 48 hour minichromosomes 339 and virion chromatin. 340
Since we expected that at least some of the 48 hour minichromosomes 341 were serving as substrates for encapsidataion, we hypothesized that for those 342 minichromosomes serving as substrates the banding pattern for their histone 343 modifications should be similar or even identical in the virion chromatin. 344
However, since encapsidation might also drive remodeling we also expected to 345 see some changes such as new bands or shifted bands in the virion chromatin 346 compared to the minichromosomes. In order to determine whether the bands 347 seen in the heatmaps from disrupted virions were located at the same sites as 348 bands present in the 48 hour minichromosome, we directly compared the results 349 for each histone modification from each form of SV40 chromatin as shown in 350 First, for all of the different forms of histone modification with the possible exception of H3K9me2 which is found in only a small fraction of the chromatin, 360 the major band found in the enhancer of minichromosomes was also present as 361 a major band in the chromatin from virions but appeared to be shifted ~70 bases 362 toward the late side of the genome. This shift in nucleosome position would be 363 expected to change the accessibility of a number of transcription factor binding 364 sites known to affect early and late transcription including SP1 and enhancer 365 binding factors. Second, for most of the histone modifications there appeared to 366 be more bands in the chromatin from disrupted virions than for the chromatin 367 from minichromosomes suggesting a spreading of the histone modifications 368 throughout the genome. This was particularly true for chromatin modified with 369 HH3, HH4, and H3K9me3. Interestingly, the new bands did not appear to be 370 located randomly within the genome but tended to be found at some sites which 371 could potentially be involved in regulation. For example, an increase in band 372 intensity appeared to occur at the early start site, the 5' early splice site, around 373 nt 650 which was a late start, and around the SAS/miRNA site in chromatin from 374 virions compared to the minichromosomes. after the initial form of the virion, called a previrion, is generated. If mechanism 1 420 was responsible for the changes we would expect that we would see that the 421 structure found in the virions would also be present in the same relative 422 proportion in the denser encapsidation intermediates. If the changes occurred by 423 potential mechanism 2 we would expect to see a change in proportion between 424 the structure seen for minichromosomes and the chromatin of virions in the 425 encapsidation intermediates. Finally, if mechanism 3 was responsible we would 426 not expect to see any changes in the encapsidation intermediates since the 427 change in chromatin structure occurred during the final steps of virion formation. 428
In order to distinguish these three potential mechanisms of chromatin 429 remodeling we analyzed various encapsidation intermediates for the organization 430 of HH3 and H3K9me1. We chose these two modifications because they showed 431 the typical changes in chromatin structure that we had seen for most of the 432 modifications. For this analysis also we took advantage of the previous 433 observation that as SV40 minichromosomes become bound by capsid proteins 434 and begin to condense to form virions they become progressively denser and will 435 sediment further down a glycerol gradient than the minichromosomes. SV40 436 chromatin was separated on a step gradient consisting of 50% glycerol at the 437 bottom, a 30% glycerol step above, and the rest 10% glycerol. The chromatin in 438 the 50%, 30%, and 10% layers were then subjected to a ChIP-Seq analysis with 439 antibody to either HH3 or H3K9me1 with the results shown as heatmaps in 440 The transcription starts and by extension the presumed binding sites for 457 RNAPII for the early and late genes (1) and the SAS gene (18) as expected were 458
shown to be associated with RNAPII by our ChIP-Seq analyses in 48 hour SV40 459 minichromosomes. Since the antibody used to map RNAPII was designed to 460 recognize phosphorylated serine 5 in the RNAPII CTD, it is most likely that the 461 position of RNAPII based upon this antibody reflects the formation of initiation 462
complexes. 463
Each of the three regions which contained bound RNAPII also contained 464 nucleosomes with specific histone modifications, although importantly the same 465 modifications were not necessarily found at each of the binding sites for RNAPII. 466
At the major RNAPII binding site extending from the enhancer to nt 325, 467 nucleosomes containing more or less all of the tested histone modifications were 468 observed indicating that both positive and negative histone modifications were 469 located in this late transcription regulatory region. Most likely the positive and 470 negative modifications are actually present on different SV40 epigenomes as we 471 previously showed existed at this time in an infection (4) and are related to 472 control of early and late transcription 473 Compared to minichromosomes, the chromatin in virions showed 474 two major changes in structure; 1, certain nucleosomes containing modified 475 histones were shifted slightly including the most intense band in the heatmaps 476 located within the enhancer region and 2, new nucleosomes containing modified 477 histones were present in the chromatin of virions which did not appear to be 478 present in minichromosomes. A schematic representation of the shifting of the 479 enhancer nucleosome is shown in Figure 6 . 480
Early transcription requires the TATA, and the 21 bp repeats and is 481 optimized when the intact enhancers are present (24, 25). Since the entire 21 bp 482 repeat region is required for the earliest transcription, the presence of a 483 nucleosome over the GC repeats of III to VI of the 21 bp repeat region as seen in 484 the 48 hour minichromosomes would be sufficient to substantially block this early 485 transcription (25, 26). Consistent with this, we found that this regulatory 486 nucleosome appeared to be positioned at least in part by the repression of early 487 transcription following the binding of T-antigen to binding Site I based upon our 488 result with the mutant cs1085. In contrast, the shifting of this regulatory 489 nucleosome in the SV40 chromatin from the virions would expose the entire 21 490 bp repeat region along with the 3' end of the first copy of the enhancer and allow 491 for the initiation of early transcription. The minimal late promoter appears to 492 consist of about 68 bases of the enhancer and sequences downstream on the 493 late side (27). The available sequences with a nucleosome positioned as found in 494 the minichromosomes at 48 hours PI may be sufficient to drive late transcription 495 since at least a portion of the critical regulatory sequences would be exposed to 496 binding by regulatory factors (24, 28, 29{Gong, 1988 #518). 497
We have previously reported on the organization of nucleosomes in SV40 498 chromatin using micrococcal nuclease digestion (5). We noted the presence of a 499 nucleosome in the enhancer region which was shifted toward the late region in 500 virions although with a reduction in intensity in the digested chromatin. 501
Presumably, the other changes in chromatin structure which occur during 502 the formation of the virion from late minichromosomes are also related to a shift 503 from a structure that reflects repression of early transcription in the late 504 minichromosomes to one which allows for the initiation of early transcription in 505 the virions. Consistent with this hypothesis we observed the introduction of 506 certain modified histones in nucleosomes at the early transcription start site and 507 at the 5' end of the early splice site in the virion chromatin. 508
For the polyomavirus family of which SV40 is a member, encapsidation is 509 thought to occur by a mechanism in which the viral structural proteins associate 510 with the viral chromatin and by crosslinking condenses the chromatin into a virion 511 through encapsidation intermediates of increasing density (30). When 512 encapsidation intermediates were analyzed in our study, we observed that their 513 chromatin was identical to that of minichromosomes and was different from virion antibodies to the following histone modifications: HH3, HH4, H3K9me1, was purified and sequencing libraries prepared using the NEB kit and protocol. 647
The libraries were paired-end sequenced by NGS using an Illumina MiSeq. 648
Following quality assurance and trimming, the reads obtained were mapped to 649 the SV40 wild-type genome which was linearized between nts 2666 and 2667 for 650 display and comparison. The data from at least four biological replicates was 651 merged and heatmaps generated for each ChIP analysis. The actual numbers of 652 biological replecates used were: HH3 (5), HH4 (5), H3K9me1 (6), H3K9me2 (4), 653
H3K9me3 (5) 
